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^ (54) Tllle: TRANSPARENT CONDUCTIVE OXIDES 

O (57) Abstract: A meihod of deposition of a iranspareni conductive tilm fioni a metallic laiget is presented. A meONxl of forming a 
O uanspaicni conducUvc oxide film according to embodimenis of the present invention Include depositing the transpafoit conductive 
<N oxide film in a pulsed DC reactive ion process with substrate bias, and controlling at least one process paramecer to affect at least one 

O characteristic of the conductive oxide film. The resulting transparent oxide film, which in some embodiments can be an indium-tin 
oxide film, can exhibit a wide range of material properties depending on variations in process parameters. For example, varying the 
^ process parameieis can result in a film with a wide range of resistive properties and surface smoothness of the film. 


wo 2004/106581 


PCTAJS2004/014523 


Transparent Conductive Oxides 
Related Applications 
[0001] The present appbcadon claims priority to U.S. Provisional Application 
60/473,379, *Transparent Conductive Oxides from a Metallic Target," by R Ernest 
Demai^ and Mukundan Narasimhan, filed on May 23. 2003. herein incorporated by 
reference in its entirety. 

Background . 

1. Field of the Invention 

[0002] The present invention is related to deposition of oxides on a substrate and, 
in particular, deposition of transparmt conductive oxides. 

2. Discussionof Related Art 

[0003] Transparent conductive oxides have a wide variety of uses, including 
^plications to solar cells, organic hgbt emitting diodes (OLEDs), electric field 
devices, cuirent devices (Le. touch so-eens), energy efficient windows, conductive 
anti*ieflective devices, electromagnetic int^erence shields, teaters, transparent 
dectrodes, coatmgs for cathode ray tube (CRT) displays; to name only a few. 
Another important ^plication is for touch sensitive MEMS devices, such as those 
used, for exan^le, in fingerprint sensors and sudL Inmany cases, the electrical 
properties of the conducting film is of great importance. 
[0004] Specifically, for OLED q)plications, films dq)oated witfi cunreot 
technologies are generally rou£^ resuhing in stress risers and field concentration 
issues, ftat can cause leakage Further, aspmties in &e resulting fihn can induce 
lifetime depends defects in nearest neighbor fihns diat can shorten device lifetinies. 
Additionally, the brightness of flie emergent light firom die OLED can be reduced. 
[0005] Transparent conductive oxides have been deposited from ceramic targets 
by RF magnetron sputtering. Hov^er, the surface of properties of the resulting films 
often include nodules or asperites which can cause arcing, defects, surface rouglmess, 
and oto deleterious eSeds in die resulting film Additionally, ceramic targets tend 
to be more expensive to produce than metallic targets. 
[0006] Previous attempts at dq)Osition of transparent conductive oxides, for 
example indium tin oxide (TTO), with metallic targets have presented numerous 
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problems, including small process ivindows, problems in process controllability, a 
disappearing anode effect, and particle deposition on 4ie filnt Sudi attenq)ts have 
been abandoned. Dqx)sition with ceramic targets has also beai difBcuh, including 
problems with particles, nodule formation, and arching during depositioa In both 
cases, fihn smoothness has presented m^or di£BcuIties. Additionally, control of film 
parameters sudi as, for example, resistivity and transparency has been difiBcult 
[0007] Therefore, there is need for cost effective deposition of smoodier layers of 
; transparent conductive oxides with greater control over l^er properties sudi as 
resistivity and transparency. 

Summary 

[0008] In accordance witfi the present invention, a niiefliod of depositing of a 
transparent conductive film from a metallic target is presented A method of forming 
a transparent conductive oxide film according to embodiments of fbc present 
invmtion includes depositing the transparent conductive oxide film in a pulsed DC 
reactive ion process with substrate bias, and controlling at least one process parameter 
to provide at least one characteristic of fbe conductive oxide film at a particular value. 
[0009] A method of dqpositing a transparent conductive oxide film on a substrate 
according to some embodiments of tiie invention, then, indudes placing the substrate 
in a reaction chamber, adjusting power to a pulsed DC power supply coiq)led to a 
target in tfie reaction diamber, adjusting an RF bias power coiqiled to tfie substrate; 
adjusting gas flow into the reaction chamber, and providing a magpetic fidd at the 
target in order to direct dq)osition of the transparent conductive oxide film on lbs 
substrate in a pulsed-dc biased reactive-ion dq)osition process, if^erein iSie 
transparent conductive oxide film has a particular diaracteristic. 
(0010) The resulting transparoit oxide fihn, v^ch can be deposited according to 
some embodiments of the present invention, can be an indiimntin oxide (TTO) film. 
An rrO film can have a wide range of material properties depending on variations in 
process parameters. For example, varying the process parameters according to some 
embodiments of the present invention can result in a wide range of resistive properties 
and surface smoothness of the film. 

[0011] These and odier embodiments of the invention are fiirflier discussed bdow 
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with refeience to the foflowing figures. 

Short Description of tfie Figures 
* [0012] Figures 1 A and IB illustrale a pulsed-DC biased reactive ion dq)osition 

q)paratus that can be utilized in the methods of depositing according to fee presort 
inventioa 

10013J Figure 2 shows an example of a target that can be utilized in the reactor 
illustrated in Figures 1 A and IB 

100141 Figure 3 A shows an Atomic Force Microscopy (AFM) image of an 
indium-tin-oxide (ITO) process according to some embodiments of Ac present 
inventioa 

[0015] Figure 3B shows an Atomic Force Microscopy (AFM) image of another 
ITO process deposited using a process according to some embodhnents of fte present 
inventioa 

[0016] Figure 4 shows the variation of bulk resistivity of an UO layw according 
to some embodiments of tfie present invention as a function of fee oxygen flow fa- 
two different target powers before and after a 250 T anneal in vacuum. 
[0017] Figure 5 shows the variation of tiie sheet resistance of an ITO l^cr 
according to some embodiments of present invention as a function of the oxygen 
flow used for two diff^ent target powers before and after a 250 anneal in vacuum. 
[0018] Figure 6 shows the target cunent and voltage (mm and max) as a function 
of oxygen flow. 

[0019] Figure 7 shows the tfaidcness diange in layers of ITO according to 
embodiments of the present invention as a function of oigrgen flow. 
[0020] Figure 8 illustrates the relationship between oxj^en flow and oxygen 
partial pressure for a metallic target 

[0021] Figures 9 A-9D illustrate Ae smooflmess of transparent conductive oxides 
dq)osited with ceramic targets according to flie present inventioa 
[0022] In fhe figures, elements havii^ tiie same designation have the same or 
similar fiinctioa 
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Detafled Descriptioii 
[0023] Deposition of materials by pulsed-DC biased reactive ion deposition is 
described in U.S. Patent AppUcation Serial No. lOAOl 863, entitled "biased Pulse DC 
Reactive Sputtering of Oxide Films,'' to Hongmei Zhang, et al., filed on March 16, 
2002. Preparation of targets is described in U.S. Patent Application Serial No. 
10/101,341, entitled Tlare-Earth Pre-Alloyed PVD Targets for Dielectric Planar 
Applications," to Vassiliki Milonopoulou, et al., filed on March 16, 2002. U.S. Patent 
Application Serial No. 10/101863 and U.S. Patent Application Serial No. 10A01,341 
are each assigned to the same assignee as is the present disclosure and eadi is 
incorporated herein in their entirety. Dq)osition of oxide materials has also been 
described in U.S. Patent No. 6,506,289, ^ch is also herein incorporated by reference 
in its entirety. Transparent oxide fifans are deposited utilizing processes similar to 
those specifically described in U.S. Patent No. 6,506,289 and U.S. Application Serial 
No. 10/101863. 

[0024] Figure 1 A shows a schematic of a reactor c^paratus 10 for sputtering material 
from atarget 12 according to tiie present invention. In some embodiments, apparatus 
10 JDsy, for example, be ad ^ted from an AKT-1600 PVD (400 X 500 mm substrate 
size) system from ^plied Komatsu or an AKT-4300 (600 X 720 mm substrate size) 
system from Applied Komatsu, Santa Clara, CA. The AKT-1600 reactor, for 
example, has three deposition chambers connected by a vacuum transpcHt diamber. 
These Komatsu reactors can be modified such that pulsed DC pov/ei is supplied to the 
target and RF power is supplied to tiie substrate during dq)Osition of a material film. 
[0025] /^paratus 10 includes target 12 vMch is electrically coupled through a filter 
1 5 to a pulsed DC power supply 1 4. In some embodiments, target 12 is a wide area 
sputter source target, which provides material to be dq)Osited on a substrate 16. 
Substrate 16 is positioned parallel to and opposite target 12. Target 12 fimctions as a 
cadiode vAisn power is applied to it and is equivalently termed a cathode ^plication 
of power to target 12 creates a plasma S3. Substrate 16 is capadtively coupled to an 
electrode 17 througih an insulator 34. Electrode 17 can be coupled to an RF power 
supply 18. A magnet 20 is scanned across the top of target 12. 
[0026] For pulsed reactive dc magnetron sputtering, as performed by apparatus 10, 
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the polarity of flie power supplied to targ^ 12 by powCT supply 14 osdllates between 
negative and positive potentials. During the positive period, the insulating layer on 
the surface of target 12 is discharged and arcing is prevented To obtain arc free 
deposition, the pulsing frequency exceeds a critical frequency that can depend on 
target material, cathode cunent and reverse time. High quality oxide films can be 
made using reactive pulse DC magnetron sputtering as shown in apparatus 10. 
10027) Pulsed DC power supply 14 can be any pulsed DC power supply, for example 
an AE Pinnacle plus lOK by Advanced Biergy. Inc; Wth ftis DC power supply, up 
to 10 kW of pulsed DC power can be supplied at a frequency of between 0 and 350 
KHz. The reverse voltage can be 10% of the negative target voltage. Utilization of 
other power supplies can lead to different power diaracteristics, frequency 
diaracteristics and reverse voltage percentages. Ihe reverse time on this embodiment 
of power supply 14 can be adjusted between 0 and 5 ps. 
[0028] Filter 15 prevents 4e bias power from power supply 18 &om coiq)Iing into 
pulsed DC power supply 14. la some embodiments, power siq)ply 18 can be a2 MHz 
RF power supply, for example a Nova-25 poww supply made by ENI, Colorado 
Springs, Co. 

[0029] In some embodiments, fiher 15 can be a 2 MHz sinusoidal band rejection 
filter. In some embodiments, die band widtti of filter can be approximately 100 
kHz. Filt»15»dierefore; prevents the 2 MHz povm from the bias 10 substrate 16 

from damaging power supply 18. 

[0030] However, bob RF and pulsed DC dqK)sited films are not frilly dense and m^ 
have columnar structures. Columnar structures can be detrimental to thin film 
applications. By implying a RF bias on wafer 16 during dqiosition, fte deposited film 
can be densified by energetic ion bombardment and the columnar structure can be 
substantially eliminated. 

[0031] In ttie AKT-1600 based system, for example, target 12 can have an active size 
of about 675.70 X 582.48 by 4 mm in order to deposit films on substrate 16 that have 
dimension about 400 X 500 mm The ten5)erature of substrate 1 6 can be held at 
between -50 T and 500 The distance between target 12 and substrate 16 can be 
between about 3 and about 9 cm Process gas can be inserted into tiie diamber of 
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apparatus 1 0 at a rale up to about 200 seem the pressure in the chamber of 
apparatus 1 0 can be held at betwerai about .7 and 6 xnillitoir. Magnet 20 provides a 
magnetic field of strength between about 400 and about 600 Gauss directed in ±e 
plane of target 12 and is moved across target 12 at a rate of less than about 20-30 * 
sec/scaa In some embodiments utilizing the AKT 1600 reactor, magnet 20 can be a 
race*track shqied magnet with dimensions about ISO mm by 600 mm. 
[0032] Figure 2 illustrates an example of target 12. A film dq>osited on a substrate 
positioned on carrier sheet 17 directly opposed to region 52 of target 12 has good 
tiiickness uniformity. R^on 52 is tiie region shown inPigure IB 4at is exposed to a 
uniform plasma condition. In some implemaitations, carrio' 17 can be coextensive 
with r^on 52. Region 24 shown in Figure 2 indicates the area below viddh both 
physically and chemically uniform deposition can be achieved, for example where 
physical and chemical uniformity provide refractive index uniformily. Figure 2 
indicates region 52 of target 12 that provides thickness uniformity is, in general, 
larger ftan region 24 of target 12 providing tfiickness and cfaemica] unifoimify. In 
optimized processes, however, regions 52 and 24 may be coextensive. 
[0033] In some embodiments, magnet 20 extends beyond area 52 in one direction, for 
example the Y direction in Figure 2, so that scanning is necessary in only one 
direction, for example tihe X direction, to provide a time averaged uniform magnetic 
field As shown in Figures 1 A and IB, magnet 20 can be scanned oy& ibe entire 
extent of target 12, which is larger than region 52 of uniform sputter erosioa Magnet 
20 is moved in a plane parallel to the plane of target 12. 

[0034] The combination of a uniform target 12 with a target area 52 laxg& than the 
area of substrate 16 can provide films of highly uniform tfiickness. Further, the 
materia] propoties of the fibn deposited can be highly unifomt The condition of 
sputtering at the target surface, such as flie uniformity of erosion, the average 
tempmture of the plasma at the target surfEice and the equilibration of ^ targ^ 
surface with the gas phase ambient of the process are uniform over a r^on which is 
greater tiian or equal to the region to be coated with a uniform film tfaidcness. hi 
addition, the region of unifoim film thickness is greater than or equal to the region of 
fte film which is to have hi^y uniform optical properties sudi as index of refraction. 
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density, transmission or absoiptivity. 

[0035] Target 12 can be formed of any materials. Typically metallic materials, for 
exan^)le, include combinations of In and Sn. Therefore, in some embodiments, target 
12 includes a metallic target material formed from intermetallic compounds of optical 
elements such as Si, Al, Er and Yb, Additionally, target 12 can be fonned. for 
example, from materials such as La, Yt. Ag, Au, and Ea To form optically active 
fihns on substrate 16. target 12 can include rare-eartti ions. In some embodiments of 
target 12 wift rare earth ions, the rare earth ions can be pre-aUoyed wift the metallic 
host components to fonm interaietalBcs. See U.S. AppUcation Serial No. 10/101,341. 
Typical ceramic target materials include alumina, silica, alumina silicates, and ofter 
sudi materials. 

[0036] In some embodiments of flie invration, material tiles are formed. Tliese tiles 
can be mounted on a backing plate to form a target for apparatus 10. Awidearea 
sputter cathode target can be foraied from a close padced array of smaller tiles. Target 
12, therefore, may include any number of tiles, for example between 2 to 20 
individud tiles. Tiles can be finished to a size so as to provide a margin of non- 
contact, tile to tile, less flian about 0.010** to about 0.020" or less than half a 
millimeter so as to diminate plasma processes thai may occur between adjacent ones 
of tiles 30. TTie distance between tiles of target 12 and the daik space anode or ground 
shield 19 in Figure IB can be somewhat larger so as to provide non contact assembly 
or to provide for tiiermal expansion tolerance during process chamber conditioning or 
operatioa 

[0037] As shown in Figure IB, a uniform plasma condition can be created in die 
region between target 12 and substrate 16 in a region overlying substrate 16. A 
plasma 53 can be created in region 51, which extends under the entfre target 12. A 
central region 52 of target 12 can experience a cwidition of unift)rm sputta- erosioa 
As discussed further below, a layer deposited on a substrate placed anywho^ below 
coitral region 52 can then be uniform in ttiickness and other propaties (i.e., dielectric, 
optical index, or material concentrations). In addition, region 52 in wiiich deposition 
provides uniformity of deposited film can be larger tfian the area in which tiie 
deposition provides a film witii uniform physical or optical propoties such as 
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diemical composition or index of refiracdon. In some embodimoils, taiget 12 is 
substantially planar in order to provide uniformity in the film deposited on substrate 
16. In practice, planarity of target 12 can mean tiiat all portions of fte target surface 
in r^on 52 are witiiin a few millimeters of a planar surface, and can be typically 
within O.S mm of a planar surface. 

[0038] Reactive gases that provide a constant supply of ionic oxygen to keep the 
target surface oxidized can be provided to expand the process window. Some 
examples of the ipises that can be utilized for controQing sui&ce oxidation are CQz. 
water vapor, hydrogen, N2O, fluorine, helmm, and cesium. Additionally, a feedback 
control system can be incorporated to control tiie oxygen partial pressure in the 
reactive chamber. Ilierefore, a wide range of oxy gsn flow rates can be controUed to 
keep a steady oxygen partial pressure in the resulting plasma. Odier types of control 
systems such as target voltage control and optical plasma emission control systems 
can also be utilized to control tfiesur&ce oxidation of the target As shown in Figure 
I A, power to target 12 can be controlled in a feedback loop at supply 14. Further, 
oxygen partial pressure omtroUer 20 can control either oxygen or argon partial 
pressures in plasma S3. 

[0039] In some embodiments, transparent conductive oxides can be dqK>sited on 
various substrates utilizing an inidium-tin (In/Sn) metallic target A series of 
depositions on glass in accordance with the present invention is illustrated in Table 1 
The parameters in the process column of Table I are in the format (pulsed DC 
power/RF bias power/pulsing firequ^cy/reverse time/deposition time^Ar flow 
(sccmsyOj flow (seems)). An indium-tin (In/Sn: 90%/10% by wei^t) target using a 
reactive-pulsed DC (RPDC) process such as that described in US. Application Serial 
No. 10/101,863 was utilized. A power supply with 2MHz RF bias applied to 
substrate 16 was utilized in the process. Along with the process parameters for each 
of the separate depositions, each defined by a '"Slot" number in flie first column, the 
target voltage, and target current ranges for each of fte depositions is also listed. 
[0040] Table 2 shows the results obtained by using the process parameters in 
Table 1. The results indude the sheet resistance, thickness, bulk resistivity, and 
refiBCtive indices of die resulting films. Again, die first column indicates die slot 
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number of the depositioa TTie process for each slot number is reiterated in column 2 
of Table 2. Hie sheet resistance of selected ones of the fihns resulting firom flje 
deposition is Usted in the fliird column and die uniformity of the sheet resistance is 
indicated in the fourth columa The thickness of the film and its uniformity of each of 
the films deposited by the indicated process is indicated in the fifth and sixth columns. 
The bulk resistance of selected ones of the fihns, p, is also indicated. Additionally, 
. the refractive index taken at 632 nm is mdicated along with the fihn unifoimity of that 
index. TTie comments section of Table 2 indicates whether the resulting fihn is 
transparent, translucent, or metaDic in character. 

[0041] Figure 3 A shows the Atomic Force Microscopy (AFM) image of an ITO 
fihn produced by the process identified in slot #5 in tables 1 and 2. That process, with 
particulariy low oxygen flow rates (24 seem), produced a rough film with an Ra of 
about 70 A and an Rms of about 90 A. The fihn also appears to be metallic with this 
particular ox7gen flow and ibs fihn roughness is high. Such a fihn could be 
^plicable to large surface area requnements, for example solar cell applications. 
WHe not being limited by aay particular Aeoiy, it is suspected that the Toug^mras of 
this fihn reflects the sub-stoichiometric nature of «ie fihn caused by insufiSdent 
oxygen flow in the plasma. As can be seen in Figure 3B, yAioe Ae oxygen flow 
during dq)Osition has been significantly increased to about 36 seem, tfie fibn is 
smooA. 

[0042] Figure SB shows an Atomic Force Microscopy (AFM) image of an ITO 
fihn deposited using the process described in slot #19 of Tables 1 and 2. In that 
process, the oxygen flow rate is inaeased to 36 seem. The fihn appears to be 
transparent and conductive and the surface rou|Jmess is ~6A Ra and Rms of about 13 
A, which is acceptable for OLED requirements. As can be seen from Rgures 3 A and 
3B, variation in oxygen partial pressure (as indicated by increased flow rate) has a 
large influence on the diaiacteristics of fte resulting dq>osited fiba 
[0043] The resistivity of flie fihn layer and fee smoothness of tiw fihn l^er can be 
related, hi goieral, tiie higher the resistivity of fte film layer, tiie smooflier fte fihn 
]aya. Figure 4 shows tiie variation of bulk resistivity of fte ITO as a fimction ottso 
axygea flow rate used for two different target powers before and afte a2S0 "C anneal 
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in vacuum. The bulk resistivity of tiie film exhibits a sudden transition downward as 
the oxygen flow rate is lowered. This transition occurs when fhe target surface 
becomes metaUic from being poisoned with oxygea The data utilized to fonn Hie 
graph shown in Figure 4 has been takai from Tables 1 and 2. 
[0044] Figure 5 shows the variation of the sheet resistance of an ITO film 8S 
function of the O2 flow used for two different target powers before and after a 250C 
anneal in vacuum As shown in Figure 5, the sheet resistance follows similar trmds as 
the bulk resistivity of the film. 

[0045] Figure 6 shows fte target current and voltage (min and max) as a function 
of the oxygen flow rate. The target voltage increases as the oxygen flow rate is 
lowered. It could be seen here that at a 40 seem oxygen flow rate tfarou£)i repeated 
depositions, the target voltage is not constant This illustrates the utility of a target 
voltage feedback control system that adjusts the power supplied to target 12 to hold 
tiie target voltage constanL Therefore, as shown in Figure 1 A, PDC power 14 can 
include feedack loop to control the voltage on target IZ 

[0046] Figure 7 shows the thickness change of a resulting film as a function of 
oxygen flow rate in seem. The thickness of the film increases as Ae oxygen flow 
decreases but this could make opaque metallic films and so choosing the correct 
oxygen flow and utilizing an oxygen flow feedback control system to control material 
characteristics such as, for example, transparency or conductivity can be desirabla 
[0047] In some embodiments, instead of oxygen flow rate; oxygen partial pressure 
can be controlled with a feedback system 20 (see Figure 1 A). Controlling tihe oxygen 
partial pressure can provide better control over tiie oxygen content of the plasma, and 
therefore the oxygen content of the resulting films, and allows better control over tbe 
film characteristics. Figure 8 illustrates the relationship between tiie flow rate and 
partial pressure. As can be seen from Figure 8, in order to reach the saturated i^on 
(e.g., wiien target 12 is con^iletely poisoned wifli oxygen), no increase in flow rate is 
required. In some embodiments, reactor 10 can include a partial pressure feedback 
loop controller 20 tiiat controls tiie oxygen flow in order to maintam a desired partial 
pressure of oxygen in the plasma. Such a controller can be die IRESS system, tiiat 
can be purchased from Advanced Energy, Inc., Ft Collins, Colorado. It has been 
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found that film parameters such as resistivity, smooflmess, and transparency can be 
highly dependent on oxygen partial pressures, and therefore diese characteristics of 
the resulting deposited layer can be controlled by adjusting the oxygen partial 
pressures. 

[0048] Some embodiments of the present invention can be deposited with ceramic 
targets. An example target is an HO (In/Sn 90/10) ceramic target can be utilized. 
Table 3 illustrates some example processes for deposition of ITO utilizing a ceramic 
target according to the present inventioa Bulk resistivity, sheet resistance, resistance, 
thicknesses, deposition rates, and index of refraction of the resulting fihns are shown 
along with the process parameters utilized in the depositioa Figure 9A shows an 
AFM depiction of a transparoit conductive oxide film corresponding to run #10 in 
Table 3. Figure 9B shows an AFM depiction of a transparent conductive oxide fflm 
corresponding to run #14 in Table 3. Figure 9C shows an AFM dq>iction of a 
transparent conductive oxide film corresponding to run #1 6 in Table 3. Figure 9D 
shows an AFM depiction of a transparent conductive oxide film layer cofresponding 
to run-in Table 3. 

[0049] Figures 9 A througjb 9D illustrate tfie rou^messes of selective depositions 
of ITO deposited utilizing tbe c^amic target In Figure 9A, the roughest smfiEice 
shown, the fihn was d^sited using 3kW RF power, lOOW bias, 3 scon Q2 and 60 
socm Ar at a temperature of 280 °C. The layer grew to alfaickness of 1200 A in 100 
seconds of dq)osition time and exhibited a sheet resistance of 51 ofantis/sq. The 
roughness illustrated in Figure 9 A is characterized by an RaF2.3 nm and Rms Qf 21 
- nm. 

[0050] The rrO film shown in Figure 9B was deposited using 3 kW RF power, 
300 W bias, 3 seem Q2 and 60 seem At at a temperature of 280"^. llielayer 
illustrated in Figure 9B grew to a thickness of 1199 A m 100 sec. The layer in Figure 
9B exhibited a sheet resistance of 39 ohms/sq. Hie rou^^ess illustrated in Figure 9B 
is characterized by an Ra»l.l nm and Rmax of 13 nm. 

[0051] The rrO fihn shown in Figure 9C was deposited using 3 kW RF power, 
300 W bias, 3 seem O2, 30 seem Ar at a temperature of 280 *C, TTie layer grew to a 
diickness of 1227 A in 100 seconds of deposition time and exhibited a dieet resistance 
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of 57 ohms/sq. The roughness illustrated in Figure 9C can be characterized by an 
Ra=0.88 nm and a Rmax of 19.8 nm. 

[0052] Figure 9D was deposited using 1 .5 kW RF power, 300 W bias, 0 seem O2, 
30 seem At at a temperature of 280 C, The layer grew to a thickness of 580 A in 1 00 
seconds of deposition time and exhibited a sheet resistance of 1 06 ohms/sq. The 
roughness illustrated in Figure 9C can be characterized by an Ra=0.45 nm and an 
Rmax of 4.6 nm. 

[0053] Utilizing the example depositions described herein, the roug^ess and 
resistivity of a transparent oxide film can be tuned to particular appIicaticHis. In 
general, particularly high resistivities can be obtained, vAddi are useful for touch 
sensitive devices. As shown in Table 3, die sheet resistance ranged fi-om about 39 
n/sq for trial # 14 to a high of 12,284 Cl/sq for trial #1. Careful variation of 
process parameters, therefore, allow control of sheet resistance over an extremely 
broad ranges Low resistivities can be obtained by adjusting the process parameters for 
uses in devices such as OLEDS and MEMS display devices. As is illustrated in Table 
3, tiie bulk resistivity can be controlled to be between about 2&4 micro-ohms-cm to 
about 0.1 micro-ohms-cm. Additionally, other parameters such as refractive index 
and transparency of flie fihn can be controlled. 

[0054] Furdier, dqiosition of transparent conductive oxide layers, for example 
no, can be doped with rare-earth ions, for example erbium or cerium, can be utilized 
to fomi color-conversion layers and light-emission sources. In some embodiments, a 
rare-earth doped target can be made in a single piece to insure uniformity of doping 
Co-doping can be accomplished in Ae taigeL 

[0055] Similar processes for olim metallic conductive oxides can also be 
developed. For exanq)le, dq)Osition of zinc oxide films. Furdier, as can be seen in 
the examples shown in Table 3, low temperature depositions can be performed. For 
example, transparent conductive oxides according to the present invention can be 
deposited at temperatures as low as about 100 Such low temperature dqiositions 
can be unportant for depositions on temperature sensitive materials sudi as plastics. 
[0056] Other thin film layers according to die present invention include dq>osition 
of other metal oxides to fomi conducting and semi-conductipg films. Thin films 
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fonned according to the present invention can be utUized in many devices, including, 
but not limited to, displays, photovoltaics. photosensors, touchscreens, and ENQ 
shielding. 

[00571 Embodiments of the invention disclosed here are examples only and are 
not intended to be limiting. Further, one skilled in the art will recognize variations in 
&e embodiments of the invention described herein which are intended to be included 
within the scope and spirit of the present disclosure. As such, Ae invention is limited 
only by the following claims. 
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aaims 

Wedaim: 

1. A mediod of fonning a transparent conductive oxide film, con^rising: 

depositing the transparent conductive oxide film in a pulsed DC reactive ion 
process wi4i substrate bias; and 

controOing at least one process parameter to provide at least one characteristic 
of the conductive oxide film at a particular value. 

2. The method of claim 1, wherein controlling at least one process parameter includes 
controlling the oxygen partial pressurei 

3. The method of claim 1. wherein the transparent conductive oxide film includes 
indiuim-tin oxide. 

4. The method of claim 1, wherein the at least one characteristic includes sheet 
resistance. 

5. The melhod of claim 1, vi^erein the at least one characteristic includes film 
rougluiess. 

6. The method of daim 5, herein the transparent conductive oxide film includes an 
indium-tin oxide film and fte fihn roughness is characterized by R« less than about 10 
nm with Rms of less tfian about 20 mn. 

7. The method of claim 4. vrfierein the bulk resistance can be varied between about 
2x10"^ micro-ohms-cm to about 0.1 micro-ohms-cm. 

8. The method of claim 1 , wherein the at least one process parameter includes a 
power supplied to a target 

9. The method of claim 1, wherein the at least one process parameter includes an 
oxygen partial pressure. 

10. The method of claim I, vkiierdn the at least one process parameter indudes bias 
power. 

11. The method of claim 1, i^erdn the at least one process parameter indudes 
deposition temperature. 

12. The method of claim 1, wherein the at least one process parameter indudes an 
argon partial pressure. 

13. The metiiod of claim 1, further including supplying a metallic target 
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14. The mediodofclaiml, further induding supplying a cera^ 

15. The method of claim 1, v^ereiii the transpaieot conductive oxide film is doped 
with at least one rare-earth ions. 

16. The method of daim 15, ^^iierein the at least one rare-earth ions includes eibiuni 

17. The metfiod of claim 15, wherein Ibe at least one rare-earth ions includes cedura 

18. A mediod of dqx}siting a transparent conductive oxide film on a substrate, 
conq)rising: 

placing the substrate in a reaction diamber; 

adjusting power to a pulsed DC power supply coupled to a target in the 
reaction chamber; 

adjusting an RF bias power coupled to die substrate; 

adjusting gas flow into the reaction chamber, and 

providing a mognetic field at the taiget in ord^ to direct dq)ositi<m of the 
transparent conductive oxide film on tte substrate in a pulsed-dc biased reactive-ion 
deposition process, i^^ein the transparent conductive oxide film eschibits at least one 
particular property. 

19. The method of claim 18, v^dierein at least one particular property of tfie 
transparent conductive oxide film is detemnned by parameters of the pulsed-dc biased 
reactive ion depositira process. 

20. The mediod of daim 19, v^^ierein the at least one particular property includes 
resistivity of fte transparent conductive oxide film. 

21. The mediod of claim 19, wherein the tninq)arent conductive oxide film includes 
an indiimi-tin oxide film. 

22. The method of claim 1 9, ^iierein the parameters include oxygen partial pressure. 

23. The method of claim 19, wherein the parameters include bias power. 

24. The method of daim 18, Vifbetwi the target can indude at least one rare-eaitii 
ions. 

25. The metfiod of daim 24, \^4lerein die at least one rare-earth ions indudes erbium 

26. The mediod of daim 24, wherein the at least one rare-earth ion indudes cerbium 
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